Several methods based on the Sequential Markovian Coalescent (SMC) 2 have been developed to use full genome sequence data to uncover popu-3 lation demographic history, which is of interest in its own right and a 4 key requirement to generate a null model for selection tests. While these 5 methods can be applied to all possible species, the underlying assumptions 6 are sexual reproduction at each generation and no overlap of generations. 7 However, in many plant, invertebrate, fungi and other species, those as-8 sumptions are often violated due to different ecological and life history 9 traits, such as self-fertilization or long term dormant structures (seed or 10 egg-banking). We develop a novel SMC-based method to infer 1) the 11 rates of seed/egg-bank and of self-fertilization, and 2) the populations' 12 past demographic history. Using simulated data sets, we demonstrate the 13 accuracy of our method for a wide range of demographic scenarios and for 14 sequence lengths from one to 30 Mb using four sampled genomes. Finally, 15 we apply our method to a Swedish and a German population of Arabidop-16 sis thaliana demonstrating a selfing rate of ca. 0.8 and the absence of any 17 detectable seed-bank. In contrast, we show that the water flea Daphnia 18 pulex exhibits a long lived egg-bank of three to 18 generations. In con-19 clusion, we here present a novel method to infer accurate demographies 20 and life-history traits for species with selfing and/or seed/egg-banks. Fi-21 nally, we provide recommendations on the use of SMC-based methods for 22 non-model organisms, highlighting the importance of the per site and the 23 effective ratios of recombination over mutation. 24 Keywords-Hidden Markov Model, dormancy, selfing, population genetics 25 1 1 Introduction 26
are invisible. In the case of self-fertilization, we thus find the following relationship:
To simultaneously model seed-banking and self-fertilization we assume their 147 effects to be independent and that there is no correlation between dormancy and the 148 rate of self-fertilization. Under this assumption we can simply multiply their effects as 149 in [51] , giving the relationship ρ θ = (1−σ)βr µ . We therefore have a potential confounding 150 effect between self-fertilization and seed-banking when observing the recombination 151 and mutation ratio ρ θ . Because of their opposing effects on the effective population size 152 (seed dormancy increasing it, and self-fertilization decreasing it), the effects of these 153 traits can be compensated by one another. As consequence, in our model seed-banking 154 can theoretically be equivalent to self-fertilization with higher effective population size 155 (see the discussion for ruling this effect out in practice). 156 2.2 ecological Sequentially Markovian Coalescent (eSMC) coalescent rate, we re-scale the hidden states by (2−σ) 2β 2 , where σ and β are respectively 169 the self-fertilization rate and the germination rate. Variations in the coalescent times, 170 or the hidden states, along the sequence, are caused by recombination events. In order to account for the effects of seed-banks and self-fertilization on the observed variations, 172 the recombination rate must be re-scaled by 2(1−σ)β (2−σ) . A detailed description of the 173 model can be found in section 1 of the appendix. 174 We use a Baum-Welch Algorithm to find the estimates of our parameters (the 175 effective recombination rate ρ, the germination rate β, the self-fertilization rate σ, and 176 changes in population size χt [40, 48] (Table 1) We start by analyzing 4 sequences of 30 Mb from a population simulated under a "saw-205 tooth" scenario (repetitions of expansion followed by a decrease) without seed-banks 206 or self-fertilization ( Figure 1 , similar to those used in [40, 48] Figure 6 ) and fails to detect expansions 236 and constant demography. It is important to note that the other methods tested here 237 all exhibit higher variances than eSMC. All estimated recombination over mutation 238 ratios can be found in Table 2 . 239 We now assume ρ θ = r µ = 5, with the mutation and recombination rate re-240 spectively set to 2.5 × 10 −8 and 1.25 × 10 −7 per generation per nucleotide. Note that 241 fixing ρ θ = 5 means that we estimate the demographic history conditioned on this fixed 242 ratio (which we know is the true one). All methods provide strongly biased estimates 243 ( Supplementary Figure 7 ) and the estimated demographic histories are very flat. In-244 creasing the ratio ρ θ (or in this case r µ ) further, the estimated demographic history 245 tends to a constant population size (results not shown). If we now allow the methods 246 to simultaneously estimate demography and the ratio ρ θ , using r µ (the real value of 247 the molecular ratio) as an input parameter (or initial value) for ρ θ , the results exhibit the results exhibit almost no bias ( Supplementary Figure 8 ). In this case, the demographic history is accurately estimated although the estimated ratio ρ θ is smaller than 251 r µ (see Table 2 ). While of general importance, these results have not been highlighted 252 in previous works and we discuss their relevance later on. In the following analyses, 253 we launch eSMC, PSMC', MSMC and MSMC2 to estimate the demographic history 254 and the ratio ρ θ using ρ θ = 1 as the initial value. 3.1.2 Convergence property with dormancy (seed-or egg-banks) 256 We first focus on sequences simulated under the "saw-tooth" scenario in the presence of We analyze sequences from a population simulated under the "saw-tooth" scenario 283 with different rates of self-fertilization σ (Figure 3) . The mutation and recombination 284 rates are set to 2.5 × 10 −8 per generation per bp ( r µ = 1). For four different self-0.9 (90% selfing), we estimate the self-fertilization rate respectively at 0.17, 0.52, 0.78 287 and 0.88. In addition, we find that eSMC accurately estimates demography, while 288 MSMC, MSMC2 and PSMC' exhibit a small bias in the estimation of the demographic 289 history. Neglecting self-fertilization therefore seems to be of smaller consequence than 290 neglecting dormancy (see above), as self-fertilization has a very small impact on the 291 the inferred demographic history. Variance in the estimations increase for higher rates 292 of σ. When the mutation rate is set to 2.5 × 10 −8 per generation per bp and the 293 recombination rate to 1.25 × 10 −7 per generation per nucleotide ( r µ = 5), the self-294 fertilization rate is overestimated for small values of σ ( Supplementary Figure 12) , 295 but well estimated for higher values of σ. The estimation of the demographic history 296 remains accurate, however, though slightly biased for small values of self-fertilization.
297
The other methods (PSMC',MSMC,MSMC2) present stronger biases in the estimated 298 demographic history.
299
In the simpler demographic scenarios tested ( Supplementary Figure 13) , the 300 rate of self-fertilization is estimated fairly well, though there is an impact of the con-301 sidered demographic scenario. However, in absence of self-fertilization, eSMC infers 302 a residual rate of self-fertilization (below 0.2). While, the demographic history is 303 accurately estimated. tions of β and σ can be slightly biased (see Figure 5 ). eSMC seems to overestimate β 314 and σ, thus leading to a small overestimation of the census population size. In addi-
315
tion we test our model on similar data, but where recombination rate is higher ( set 316 to 1.667 × 10 −7 per site per generation) as in our studied species the recombination 317 rate has been estimated higher than the mutation rate [25, 39] . We thus now have 318 r µ = 6.667 and ρ θ = 1. The demographic history displays smaller variance but similar 319 estimation of self-fertilization and germination parameters ( Supplementary Figure 14) . Figure 15 ). When ignoring self-fertilization, both populations have a common de- yet each scaffold should be longer than 1 Mb). eSMC therefore allows an accurate 389 estimation of demographic history with just one or two sequenced individuals and 390 when using this method the quality of the genetic sequences should prevail over their 391 quantity (in this our method is similar to the PSMC').
392
Throughout the paper we have highlighted two main ratios that are of great 393 importance when using inference methods: the ratios r µ and ρ θ , respectively the per site 394 molecular and effective ratios of the recombination over the mutation rate. We have 395 used the deviation between r µ and ρ θ to estimate the self-fertilization or germination 396 rate. We also show that the demographic history can contribute to a departure of ρ θ 397 from r µ . Indeed, care must be taken concerning the initial value used for ρ θ . If the 398 initial value set for ρ θ is greater than one, the inferred demographic history will be 399 flattened, regardless of the actual value of ρ θ . Furthermore, if the true value of ρ θ is 400 indeed greater than one, similar biases are expected, such as flattened demographic 401 history. The reason for this result, which applies to all species and irrespective to 402 whether they have seed-banks or present self-fertilization, is that, if the ratio ρ θ is 403 high, the power of estimations becomes low as too few SNPs are present between the
Here, k is the number of hidden states and α is an integer value between 0 and k − 1.
492 σ and β are respectively the self-fertilization and the germination rate.
493
The emission probability P is the probability of observing the signal (chain 494 of 0's and 1's) conditional to the hidden states (coalescent time). As in the PSMC' 495 algorithm, we consider an infinite site model. The emission rate is therefore given by:
Where µ is the mutation rate per base pair and tα the expected coalescent time in 498 interval α. We find :
With:
Where ∆α is the duration (in coalescent time) of interval α, Λα is the coalescent rate 501 in the time window α, N is the population size at time 0 and Nα is the population size 502 during the time interval α. Using N and Nα, we can calculate χα which represents the 503 variation of population size over time. It is this value that is inferred by the model.
504
The transition probabilities are the probabilities of going from one hidden state 505 to another. We find:
Where Pγ is the recombination probability between two base-pairs:
The initial probability corresponds to the first state probability. We assume this 508 probability to be the equilibrium probability qo(α) (probability of being in state α at 509 the first position). We find:
5.2 Material seed-banks and self-fertilization but without setting priors (blue), accounting for seedbanks and self-fertilization with a prior set only for the self-fertilization rate (green), only for the germination rate (orange) or for both (purple). σ * and β * respectively represent the estimated self-fertilization and germination rate. 
